We study the near-field and far-field optical responses of nanoparticle-on-film systems using single-nanoparticle spectroscopy and numerical simulations. We find that the optical spectra contain three dominant modes: a transverse dipole, quadrupole mode, and a dominant vertical antenna mode. We vary the thickness of the metal film from 10 to 45 nm and find that the vertical antenna mode wavelength is nearly independent of the film thickness. In contrast, we find that the associated near-field enhancement in the gap between the particle and the film strongly depends on the film thickness. This trend is also observed in the far field where the vertical antenna mode strongly increases in amplitude relative to the quadrupole for the increasing film thicknesses up to the skin depth of gold. These findings are in good agreement with a numerical model and pave the way to study field-mediated processes such as fluorescence, surface-enhanced Raman spectroscopy, and localized chemistry at the same resonance wavelength but at varying degrees of field enhancement.
INTRODUCTION
Applications ranging from biomedicine 1−3 to electronics 4 have capitalized on the generation of local electric fields by plasmonically coupled nanomaterials. The resonant excitation of neighboring plasmonic structures results in an enhanced field in the gap between the structures. 1, 5 The usefulness of these localized fields is exemplified by the signal enhancement of optical sensors, 3,6−11 in the generation of exceptionally confined optical traps, 12−14 surface-enhanced Raman spectroscopy (SERS) applications, 15−18 and in target-specific biomedical imaging. 19, 20 To accomplish several of these applications, earlier studies have employed nanoparticle dimer systems and have shown experimentally 11,21−24 and theoretically 11, 25 that these dimers are sufficient for generating localized fields and with a large, red-shifted optical response. While there is no dispute on the usefulness of plasmonic dimer pairs, their construction is not simple. Complicated conjugation and low yield in the purification steps slow the progress of plasmonic nanoparticle dimers. 21, 23 On the other hand, multiple groups have investigated the physical mechanisms in generating these localized fields in simpler, nanoparticle-on-a-film (NPoF) systems, where the optical properties of noble-metal nanoparticles near a metal film are measured and modeled. 4,5,26−38 From these studies, it is clear that the localization and field strength in the plasmonic gap are heavily dependent on the nanoparticle and film composition, 4, 26, 27, 32 the nanoparticle size and shape, 15, 28, 39 the polarization/incident angle of excitation, 4, 15, 20 and plasmonic gap distance. 4, 5, 15, [29] [30] [31] [32] [33] [34] [35] [36] 40 Studies that best quantify these dependencies are single-particle NPoF studies, in which spectral broadening due to ensemble averaging is removed and the spectral properties of the individual nanoparticles are compared to theory. 30, 31, 34, 35, 40 Physical understanding of the plasmonic excitation is critical to its application. For instance, it is observed experimentally and predicted theoretically that the nanoparticle's localized surface plasmon resonance (LSPR) red-shifts with a decreased plasmonic gap above a metal film due to coupling to the particle's vertical antenna mode. 4,15,26,27,29−37 Quantification of the gap-dependent red shift is necessary for the integration of NPoF systems into wavelength-specific applications like biomedical imaging, where the scattering wavelength of the nanoparticles must lie in the biological tissue window. 2 Here, we show the modulation of the optical properties of the NPoF systems by tuning the gold film thickness. Hyperspectral microscopy was used to collect single-particle scattering spectra of 100 nm gold nanoparticles on gold films with varying thicknesses. The use of single-particle hyperspectral microscopy allows for the spectroscopy of hundreds of nanoparticles simultaneously, providing a statistical means to investigate particle-to-particle heterogeneity. We find that the amplitude of the nanoparticle's vertical antenna mode relative to the quadrupole increases for film thicknesses below the skin depth of gold and remains constant for thicker films.
Interestingly, the resonance wavelength is nearly independent of film thickness, which is confirmed by numerical simulations. Simulated near-field spectra indicate that modulating the film thickness provides the opportunity to systematically vary the near-field enhancement without affecting the resonance wavelength. This provides a convenient way to investigate how the magnitude of the field enhancement affects the fluorescence and SERS signals, without the need to modify chemical protocols to modulate the gap spacing or particle size.
EXPERIMENTAL METHODS
2.1. Materials. All materials were purchased from Sigma-Aldrich unless otherwise noted. Ultra Uniform, PEG carboxyl (100 nm) gold spheres were purchased from nanoComposix.
2.2. Gold Film Preparation and Nanoparticle Deposition. Dark-field hyperspectral microscopy of individual 100 nm nanoparticles was performed on gold films of various thicknesses (Figure 1 ). Thin gold films (10, 15, 30, and 45 nm) were prepared via thermal evaporation with chromium (5 nm thick) as an adhesion layer. The film thickness was measured using a Dektak XT profilometer by blocking gold deposition of a small region with tape and measuring across the edge when the tape was removed (SF1). Additional characterization by UV−vis spectroscopy is shown in the Supporting Information (SF2). We deposited a thin polymeric spacer on top of the film, consisting of four polymer layers of, alternating, positively charged poly(diallyldimethylammonium chloride) (PDAD-MAC) layer followed by negatively charged poly(sodium 4styrenesulfonate) (PSS) layer. The polymer layer was characterized via ellipsometry to have a final thickness of 5 nm (SF3). The gold nanoparticles' dense ligand coating (HS-PEG12-COOH) likely adds minimally to the gap spacing. After rinsing the deposited polymer film using 1 M NaCl and methanol, 100 nm ultrauniform nanoparticles (Nanocomposix, Figure 1B ) are deposited via spin-coating. Atomic force microscopy (AFM) was performed after spin-coating to confirm the presence of single, nonclustered nanoparticles (SF4).
2.3. Single-Particle Hyperspectral Microscopy. Samples were placed in an inverted optical microscope, and the dry sample was illuminated with white light through a dark-field condenser (NA = 0.8−0.95) ( Figure 1C ). The scattering intensity from >100 nanoparticles per sample was collected with a 20× (NA 0.75) objective and imaged on an EMCCD camera. To measure the wavelength-dependent scattered intensity, bandpass filters were placed in front of the EMCCD camera at 10 nm intervals ranging from 520 to 860 nm ( Figure 1C ). Individual nanoparticle spectra were generated by plotting the sum of the scattered intensity for the nanoparticle's region of interest at each bandpass filter wavelength.
2.4. Boundary Element Method (BEM) Simulations. Numerical simulations of the optical properties of gold nanoparticles on gold films were performed using the boundary element method (BEM) in MATLAB using the MNPBEM toolbox. 41, 42 The MNPBEM toolbox solves Maxwell's equations but simplifies the system by assuming only the interfaces between objects. 41, 42 The simulated geometry consisted of a glass substrate, on top of which a 5 nm layer of chromium, a gold film, and a 5 nm polymer spacer were modeled as flat layers with a 100 nm gold sphere on top (SF5). The dielectric constants of the glass substrate and polymer spacer layer were defined as n = 1.52 and 1.5, respectively. The spectrum was recorded with an angle of illumination of 70°with respect to the normal of the substrate. While the dark-field condenser actually illuminates with a mixture of incident angles (53−72°) determined by the numerical aperture of the condenser (NA = 0.8−0.95), best agreement with experimental results is observed for angles around 70°, indicating that the setup does not produce a cone of light with equal intensity across the full angular range. An analysis of the effect of the illumination angle on the far-field spectrum calculations is described in more detail in the Supporting Information (SF5). The spectra were calculated for unpolarized illumination by assuming a linear superposition of s-and p-polarized light.
RESULTS AND DISCUSSION
3.1. Plasmon Mode Identification. In Figure 2 , we show a typical scattering spectrum obtained for a single particle on a 45 nm gold film and a 5 nm chromium film, with a polymeric spacer of 5 nm. The spectra typically display two characteristic modes at around 550 and 700 nm, with a weak shoulder visible between 550 and 600 nm, as shown in Figure 2 . The simulated spectra predict three spectrally distinct plasmonic modes: a quadrupole, a transverse dipole, and a vertical antenna mode. Surface charge distribution calculations at the wavelengths indicated in the spectrum are shown in Figure 2 (right) and clearly identify the quadrupole mode at 530 nm, the transverse dipole at 580 nm, and the vertical antenna mode at 700 nm. The Journal of Physical Chemistry C Article Although broadened (see Section 3.3.2), the center wavelength of the strong vertical antenna mode is in good agreement with the experimentally measured spectrum. Both the vertical antenna mode and the quadrupole mode are not observed in single-particle spectra in the absence of a gold film (SF6). The vertical antenna mode is indeed induced by coupling between the particle and the film, whereas the (usually dark) quadrupole mode radiates more efficiently due to symmetry breaking induced by the presence of the metal film. 28, 43 Interestingly, we consistently observe only a weak contribution from the transverse dipolar mode, the origins of which are unclear. Other single-particle NPoF studies have reported this phenomenon also; however, the transverse resonance is often identified as the mode at 540 nm, negating the contribution of the quadrupole mode. 28, 30 Surface charge distribution calculations clearly identify the quadrupole mode ( Figure  2 (a)) at 530 nm here. Therefore, we believe the quadrupole and transverse modes are spectrally overlapped at 530 nm, but simulations do not effectively predict the transverse resonance wavelength.
From the BEM calculations, we also observe a clear effect of introducing a 5 nm chromium layer into the BEM calculations. Calculated far-field spectra of all films with and without the chromium layer are presented in the Supporting Information (SF7). Simulated spectra of the 10 and 15 nm gold films are dominated by the lossy chromium layer, whereas the 30 and 45 nm gold film spectra are comparable with and without chromium. This is unsurprising, as the 30 and 45 nm films are nearer to the skin depth of gold (42 nm) and the nanoparticle's mirrored dipole into the film does not interact strongly with the chromium layer.
3.2. Particle-to-Particle Heterogeneity. The use of single-particle hyperspectral microscopy presents the opportunity to study large numbers of particles and isolate sources of heterogeneity observed in previous studies. We show the single-particle spectra of 117 particles in Figure 3 , acquired on a 45 nm thick Au film with a polymeric spacer of 5 nm. We observe a reproducible optical response with a typical coefficient of variation of 50% in scattered intensity and ≤3% in plasmon energy of the vertical cavity mode (mean ± sd of 683 ± 15 nm, or 1.83 ± 0.04 eV). This variability was similar for other samples with different gold film thicknesses as studied later, and we will now first analyze the possible origins of it.
Other groups have suggested that nanoparticle size distribution, 28, 44 presence of facets, 28, 39, 44 variations in the nanoparticle−film gap distance, 27,29−32,34−36 and Au film roughness 45 are likely contributors to the particle-to-particle variability observed in single NPoF systems. The variability in the vertical antenna mode that we find is however less than the variability reported in the literature. 30 We attribute this to the usage of ultrauniform particles (Nanocomposix) that are nearly perfectly spherical, and their diameter exhibits a coefficient of variation of only ∼5%.
Earlier studies have reported high variability in singlenanoparticle spectra when resting near protrusions in the gold film surface. 45 To rule out this contribution, we investigated the roughness of the metal film by AFM prior to polymer deposition. Full AFM details on the surface roughness assessment are described in the Supporting Information (SF8 , Table S1 ). An earlier study by Ivanova et al. demonstrates that vertical surface roughness in metal films is best assessed by two AFM measurements, average roughness (R a ) and root-mean-square roughness (R q ). 47 For all gold film thicknesses assessed by AFM, exceptionally low R a (0.3−1 nm) and R q (0.2−0.9 nm) indicate that the gold films are nearly atomically smooth, ruling out a strong contribution to the observed particle-to-particle variation.
We therefore attribute the residual heterogeneity to small differences in the nanoparticle−film gap size, 27, 29, 30, [34] [35] [36] 45 in Figure 2 . (Left) Typical measured scattering spectrum (red circles) for a 100 nm particle on a 45 nm thick film, with a spacer of 5 nm. The solid line shows the calculated spectrum (boundary element method). The calculated scattering spectra are normalized to the experimental spectrum. (Right) Surface charge density on the surface of the sphere at the three indicated wavelengths. The sphere projections were calculated with the BEM geometry described in Section 2.4; the gold film beneath the nanoparticle is not shown. The Journal of Physical Chemistry C Article combination with the slight asphericity of a fraction of the particles (see Figure 1B ). In our studies where a polymer spacer is incorporated, inhomogeneity in the polymer layer across the sample could contribute to spacer differences of a few nanometers, which has been reported with this polymer previously. 46 In fact, a mere 1 nm decrease in the gap could result in ∼25 nm shifts in the vertical antenna mode on thicker (<30 nm) gold films. 5,26,27,29−31 Future measurements to further suppress the heterogeneity arising from these sources would require an atomic-level control over the nanoparticle shape, orientation, surface ligand structure, and spacing. The latter could be achieved using, e.g., atomic layer deposition wherein atomically flat spacers can be deposited across large areas. 48 3.3. Effect of Gold Film Thickness. 3.3.1. Plasmon Wavelength. Hyperspectral microscopy was then employed to monitor the changes in single-particle spectra as a function of film thickness. Scattering spectra of at least 100 nanoparticles on each gold film thickness were measured and plotted in Figure 4 , where we show the mean and standard deviation of all nanoparticles in a field of view of the microscope. Average nanoparticle spectra on all film thicknesses display two identifiable peaks at ∼540 and ∼690 nm. The peak identities in each spectra based on BEM calculations are the quadrupole (and spectrally convoluted the transverse dipolar plasmon) at Values were extracted from the calculated far-field spectra by fitting to a three-Lorentzian curve. Experimental values for the wavelength are denoted by circles (black), and the experimentally measured line widths are denoted by red diamonds (red). Error bars on the experimental data are the standard deviations of the normal distribution for all single-particle spectra measured in the sample. Note: A BEM-calculated value for the vertical resonance on a 10 nm film is not given, as a clear resonance mode is not observed in the far-field spectra and peak values could not be extracted.
The Journal of Physical Chemistry C Article ∼540 nm and the vertical antenna mode at ∼690 nm. BEM predictions for this NPoF system are also shown in Figure 4 (red dotted lines), where calculated plasmon wavelengths correspond well with measurements.
While previous reports show a strong sensitivity of the vertical antenna mode wavelength to gap distance, the vertical antenna mode wavelength is interestingly independent of film thickness ( Figure 5 ). More detailed BEM calculations of this NPoF configuration (see Figure 5 ) predict that the vertical antenna mode wavelength is independent of the film thickness for a large range of film thicknesses, as we observe experimentally. Additionally, there is a clear increase in the quadrupole mode magnitude with increasing film thickness. The ratio of scattering intensity between the quadrupole and vertical antenna mode is approximately 1:1 for the 10 nm gold film and increases to approximately 1:3 for the 45 nm film. The calculated spectra (Figure 4 , red dotted lines) and the hyperspectral measurements (black lines) show a good correlation in this regard, as BEM calculations predict nearly identical ratios (0.85:1 and 1:3.0, respectively).
3.3.2. Plasmon Linewidth. Surprisingly, we consistently measure a smaller linewidth (Γ) for the vertical antenna mode than predicted by the simulations (Figures 2 and 5 ). Sobhani et al. describe, albeit for aluminum nanoparticles, that hybridization of the quadrupole and dipole modes leads to linewidth narrowing and that this phenomena is most clear when tracking the LSPR linewidth as a function of nanoparticle−film spacing. 49 We find that the calculated vertical mode linewidth for gold nanoparticles does not change substantially when the vertical antenna mode shifts away from the quadrupole with decreasing gap spacing (SF9). Therefore, we do not believe the experimentally narrow linewidth is caused by a physical mechanism, but rather current models overpredict the linewidth.
Other groups have observed this same discrepancy using other numerical methods, with some reporting simulated linewidths to be over ∼2× larger than their single-particle NPoF measurements (175 meV observed vs 400 meV calculated). 28, 30, 34, 35, 43, 50 Of influence may be the optical functions of gold used in these numerical simulations, which vary in the nanodomain and by the deposition method. 51−53 Indeed, applying functions from the work of Palik, rather than Johnson and Christy, produces a far-field spectrum with a significantly narrower vertical antenna mode (Γ J&C = 340 meV; Γ Palik = 272 meV) (SF10). The differences between the Palik and Johnson and Christy constants are small and are isolated to the regime where interband transitions dominate (2.5−4.5 eV) (SF10). This provides a hint that changes in the interband transitions, or perhaps modifications of radiative damping may be the dominant mechanisms causing the often observed discrepancy.
3.3.3. Near-Field Response. The use of NPoF systems to study the coupling between localized modes and emitters in the gap has received considerable attention in the past years. 15 The main advantage of NPoF systems is their ease of assembly and the considerable field enhancements that can be generated in the nanometer gap between the particle and the film. 15 NPoF systems have therefore been used to study the coupling between localized modes and emitters for fluorescence enhancement, 54−57 SERS, 15, 16 and have even resulted in the demonstration of single-molecule room-temperature strong coupling. 56 Such a coupling between a localized resonance and an emitter is governed by the near-field rather than the far-field spectra. 58 We therefore simulated the near-field optical response of NPoF systems for varying film thicknesses. The results are shown in Figure 6 where we plot the near-field spectra and wavelength-dependent near-field enhancement in the center of the gap. For the near-field spectra, we observe a trend similar to that for the far-field spectra: for increasing film thickness, the near-field enhancement increases up to the skin depth of gold, after which both the spectral profile and the absolute enhancement approach an asymptote. As expected, the near-field spectrum is substantially broadened compared to the far-field spectrum due to constructive interference between the incoming light field and the near field on the red wing of the vertical antenna mode. Interestingly, we observe the nearfield enhancements up to ∼30× in the gap for the transverse dipolar mode at ∼580 nm, substantially higher than the maximum field enhancement of 5× on the surface of an isolated gold sphere.
The strongest fields are logically observed for the vertical antenna mode that exhibits a resonance wavelength away from the interband transitions in gold and thus suffers from less losses than the transverse dipole and quadrupole modes. We therefore plot the field enhancement in the gap on resonance with the vertical cavity mode; see Figure 6 . As a function of film thickness, we observe a gradual increase in the field enhancement, as expected from the increased dipole moment already observed in the far-field spectra. The near-field enhancement gradually increases from = | | | | 20 E E 0 for a 10 nm Plotting the maximum near-field enhancement as a function of film thickness for multiple gap spacings ( Figure 6 ) confirms that the limiting factor in the near-field enhancement is the penetration depth of gold (42 nm) . For all simulated gap spacings, the maximum near-field enhancement saturates at a gold film thickness of ∼45 nm. We additionally simulate the vertical antenna mode resonance as a function of gap spacing across all film thicknesses in the Supporting Information (SF11). The vertical antenna mode is largely independent of film thickness (as observed for the 5 nm gap spacing) but redshifts to >800 nm for small gap sizes (<2 nm). The fact that the field enhancement can be tuned while keeping the resonance wavelength constant provides the opportunity to straightforwardly study the effect of nanophotonic environments on fluorescence and SERS as a function of field enhancement. There is no need to change the gap size, material, or particle immobilization chemistry, which often affect the resonance wavelengths of the NPoF system and change the spectral overlap between the emitter and the resonance. Such studies will be advantageous to unravel, e.g., the transition from the weak coupling to the strong coupling regime 56 and to study plasmon-enhanced electrochemistry 59, 60 and optical metasurfaces 61 with varying degrees of field enhancement. In addition, there is no need to use films thicker than ∼45 nm (especially where transmission through the film is desirable), as gold's skin depth at ∼40 nm is the limiting property for maximum electric field generation at all NPoF spacings.
CONCLUSIONS
We have investigated the effect of gold film thickness on the near-field and far-field spectra of nanoparticle-on-film systems. By employing hyperspectral microscopy, we obtained the spectra of hundreds of particles, allowing us to establish that the heterogeneity in the optical response is strongly suppressed compared to the literature reports due to the use of ultrauniform gold particles. We attribute the residual heterogeneity to the slight remaining asphericity of a fraction of the particles, in combination with variations in the gap spacing induced by a spatially varying thickness of the polymer spacer layer. Our results are in agreement with other reports that find a substantially narrower line width than predicted by simulations. The origin of this remains unclear, but we hypothesize that it is caused by an inaccurate dielectric function of gold for thin films. On the other hand, BEM calculations predict the vertical mode resonance remarkably well. Over a range of film thicknesses we find, experimentally and via simulations, that the resonance wavelength of the vertical antenna mode is nearly independent of the film thickness, whereas its dipole moment and associated near-field enhancement strongly depend on it. Further analysis of the near-field dependence on film thickness indicates saturation of the near-field enhancement for 45 nm films, regardless of gap spacing. Overall, our results provide an improved understanding of the rich physics underlying NPoF systems and pave the way to study field-mediated processes such as fluorescence, SERS, and localized chemistry at the same resonance wavelength but at varying degrees of field enhancement.
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